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(57) ABSTRACT

A p-channel field-effect transistor 1s formed on a semicon-
ductor substrate. The transistor has an n-doped gate elec-
trode, a buried channel, a p-doped source and a p-doped
drain. The transistor 1s fabricated by a procedure in which,
after an 1implantation for defining an n-type well, an oxida-
fion 1s performed to form a gate-oxide layer and n-doped
polysilicon 1s subsequently deposited. The latter 1s doped
with boron or boron fluoride particles either 1n situ or by a
dedicated implantation step. In a thermal process, the boron

acceptors penetrate through the oxide layer into the substrate
of the n-type well, where they form a p-doped zone, which
serves for counter doping and sets the threshold voltage.
This results 1 a steep profile that permits a shallow buried
channel. The control of the number particles penetrating
through the oxide layer 1s achieved by nitriding the oxide
layer 1n an N,O atmosphere.

9 Claims, 3 Drawing Sheets
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METHOD FOR FABRICATING A
P-CHANNEL FIELD-EFFECT TRANSISTOR
ON A SEMICONDUCTOR SUBSTRATE

BACKGROUND OF THE INVENTION

Field of the Invention

The invention relates to a method for fabricating a p-chan-
nel field-effect transistor on a semiconductor substrate,
which has an n-doped gate electrode, a p-doped source
region and a p-doped drain region.

In the fabrication of memory modules, 1n particular a
dynamic memory (DRAM), the general endeavor as tech-
nology advances 1s to continuously reduce the feature sizes
of the components of which the respective module 1s com-
posed. The reason 1s for mmproved performance of the
module and for lower process costs during the semiconduc-
tor fabrication. In the case of CMOS technology that is
customarily used to fabricate circuits, both n-channel and
p-channel field-effect transistors constitute the components
that are fundamentally used together 1n a circuit. In order to
keep down the costs for fabricating the memory modules, in
this case the gate electrodes of both types are generally
embodied with the same doping, for example an n™-type
doping 1n the gates formed as polysilicon. The correspond-
ing fabrication methods are called single work function
ProCesses.

In contrast to this, however, 1t 1s possible, by additional
processes, to form 1n each case different dopings of the gate
clectrodes for the respective types of field-eflect transistors.
Although this makes the fabrication more expensive, the
respective circuits can be optimized as a result of this, so that
these processes, called dual work function, are generally
used for logic modules.

Accordingly, 1n the case of memory modules, by way of
example, p-channel ficld-effect transistors are formed with
n"-doped gate electrodes. In this case, in order to set a
desired threshold voltage of the p-channel field-effect tran-
sistor, 1t 1s necessary to carry out a counter doping with
acceptors at the surface of the substrate below the gate oxide
of the gate electrode—in the n-type well. This pushes the
actual channel deeper into the substrate—a buried channel 1s
produced.

The n-channel ficld-effect transistors that are likewise
present on the memory module do not require this counter
doping; they are operated with a surface channel.

In order to reduce feature sizes, 1.e. the sizes of compo-
nents, on a memory module, 1t 1s also necessary to shorten
the vertical well profiles. The depth of the buried channel is
likewise atfected by this. In this case, however, the problem
arises that boron atoms, for example, segregate 1nto the gate
oxide during an oxidation step following the 1mplantation
step required for the counter doping, and thus lead to a sharp
drop 1n the particle density of boron atoms at the gate
junction. In order to compensate for the drop 1n the particle
number density that 1s necessary for setting the threshold
voltage of the field-effect transistor, a higher dose 1s used in
the 1mplantation step for the counter doping, thereby
increasing the depth of the buried channel 1n a disadvanta-
geous manner. As a result, the effective gate oxide thickness
also 1ncreases, however, so that the short channel behavior
of the buried channel degrades 1n a disadvantageous manner.
On account of the implantation profile produced by the
segregation and diffusion, it i1s also difficult to realize a
reduction of the vertical sizes of the p-channel ficld-effect
transistor.
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To date, a number of solutions have been proposed to
enable a miniaturization of the buried channel scale. These
include, by way of example, buried channel epitaxy for
suppressing diffusion during brief thermal loading 1n order
to obtain shallow buried channels or the use of antimony as
a donor for so-called anti-punch implantation. The first
solution leads to considerably increased costs, while prob-
lems with contaminants in the implantation apparatus can
occur due to the second solution. Further solutions contain
gate oxidation processes at low temperatures, which, how-
ever, have a disadvantageous influence on the retention time
of the cell in a memory application due to the wet process
baths associated therewith, or so-called strong halo 1mplan-
tation. An 1on 1mplantation through the gate oxide, 1.€. a
counter doping after the oxidation step, also leads to disad-
vantageous contaminants in the subsequent process steps.

SUMMARY OF THE INVENTION

It 1s accordingly an object of the mnvention to provide a
method for fabricating a p-channel field-effect transistor on
a semiconductor substrate that overcomes the above-men-
tioned disadvantages of the prior art methods of this general
type, by which shallower buried channels are realized 1n the
case of p-channel field-effect transistors, and no complicated
and cost-propelling processes arise in this case.

With the foregoing and other objects in view there 1s
provided, in accordance with the invention, a method for
fabricating a p-channel field-effect transistor. The method
includes the steps of providing a semiconductor substrate,
doping the semiconductor substrate with donors by perform-
ing a first implantation for forming an n-doped well, carry-
ing out a thermal oxidation for forming a thin oxide layer on
a surface of the semiconductor substrate, nitriding the oxide
layer 1n an N,O atmosphere to control a permeability of the
oxide layer with respect to boron or boron fluoride particles
penetrating through the oxide layer, depositing a first layer
formed from n-doped polysilicon above the oxide layer, and
p-doping the first layer with the boron or boron fluoride
particles. A p-type dopant concentration of the particles 1s
lower than an n-type dopant concentration of the first layer.
A lithographic projection step and an etching step are carried
out for removing the first layer 1n a first and a second region
and for forming an n-doped gate electrode 1n a third region
located between the first and second regions on the semi-
conductor substrate. The semiconductor substrate 1s doped
with acceptors by performing a second implantation for
forming a p-doped source region 1n the first region and a
p-doped drain region 1n the second region in the semicon-
ductor substrate. The semiconductor substrate 1s exposed to
a temperature elevated to such an extent that a number of the
particles migrate from the first layer through the oxide layer
into the semiconductor substrate for forming a p-doped zone
within the n-doped well for defining a threshold voltage of
the field-effect transistor.

In accordance with the present invention, 1n the case of
the p-channel field-effect transistor having the n-doped gate
clectrode and equivalently thereto the buried channel, the
counter doping at the substrate surface of the n-type well 1s
no longer achieved by an implantation step with boron or
boron fluoride particles, as 1n the case of the prior art, before
the deposition of the n-doped polysilicon 1n order to fabri-
cate the gate electrode. Rather, what i1s carried out 1s a
doping with boron or boron fluoride particles of the depos-
ited layer. This 1s followed by a further step 1n which the
particles penetrate—or diffuse—through the gate oxide
layer to the substrate of the n-type well, where they produce
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a depth-dependent p-type doping profile. It has been found
that the resulting p-type doping profile, e.g. of boron atoms,
starting from the gate-substrate junction region, falls steeply
in the vertical direction toward deeper regions and thus
advantageously permits a significantly shallow channel
region (buried channel). However, carrying out an additional
implantation step with boron or boron fluoride particles
before the deposition of the polysilicon layer 1s also not
precluded by the present invention.

The step of diffusion of the boron or boron fluoride
particles from the polysilicon layer of the gate electrode 1s
made possible by exposing the semiconductor substrate to
an elevated temperature. If the semiconductor substrate 1s a
semiconductor wafer for fabricating multilayer integrated
circuits, then a multiplicity of subsequent process steps that
are carried out under elevated temperature conditions typi-
cally result. These include, in particular, plasma etching
steps, furnace processes, baking steps during the resist
coating of subsequent planes, etc. In this case, generally
sufficiently high temperatures are achieved, so that the
diffusion of the boron or boron fluoride particles suffices to
bring about an accumulation of the particles in the substrate,
¢.g. silicon substrate. The advantage of using subsequent
processes that are to be carried out anyway 1s that there 1s no
need to carry out a separate thermal process, which leads to
a cost saving.

On the other hand, 1t may be advantageous precisely to
carry out a separate thermal process 1f defined temperature
conditions have to be met in order to achieve a desired
diffusion intensity, so that the desired doping profile is

established.

The 1nvention has the effect of establishing a vertical
oradient of the p-type dopant concentration from the gate
material, the polysilicon, through the gate oxide layer into
the substrate. In a graphical representation, a steeply falling
proiile results for the region of the oxide layer and of the
substrate. In accordance with the prior art, a diffusion or
segregation of the boron takes place 1n the opposite direc-
fion, 1.€. from a maximum value of the doping profile 1n the
region of the substrate falling toward the gate oxide layer.
The shallow doping profile 1n the region of this maximum
leads to a disadvantageous deepening of the buried channel
in the case of the method 1n accordance with the prior art.

In the case of CMOS technology, the boron or boron
fluoride doping of the deposited layer of the polysilicon of
the gate electrode can be carried out in a common step for
p-channel and n-channel field-effect transistors. If this 1s not
desirable, however, for example because the threshold volt-
ages of the respective transistor types have to be set differ-
ently, then 1t 1s also possible, as an alternative, to provide
doping masks for a separate doping of the polysilicon. The
diffusion or penetration of the boron upon exposure to the
clevated temperature then occurs only for the n-type well of
the p-channel field-effect transistor. According to the inven-
fion, 1n particular boron, boron fluoride and also further
substance compounds containing the element boron, such as
B,H,, are suitable as starting substances for the p-doping of
the n-doped polysilicon layer of the gate electrode.

The present invention results 1n a steeper p-type doping
proiile 1n the n-type well of the p-channel field-effect tran-
sistor. As a result of which the depth of the buried channel
of the n-type well can also be reduced, so that overall the
field-effect transistor can be embodied in small dimensions.
The method steps according to the invention give rise to no
significant additional costs or to any extra expenditure with
respect to time.
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According to the invention, two alternatives arise by
which the p-doping of the polysilicon layer of the gate
electrode can be carried out:

a). Boron or boron fluoride particles are added during the
deposition of the first layer, 1.e. the polysilicon, for the
purpose of p-type doping. This may be made possible
for example by admixing B,H. with the silane 1 a
CVD reactor. This advantageously obviates a doping,
step that has to be carried out separately after the
deposition.

b). The p-doping of the first layer, i.e. the polysilicon,
after the deposition of this layer 1s carried out by an
implantation of boron or boron fluoride particles.

In field-effect transistors, the gate electrode 1s usually
formed from a layer stack, for example containing the thin
gate oxide layer, the polysilicon layer, a layer of conductive
material, preferably a tungsten silicide, and, as insulating
covering layer, a silicon nitride, insulating spaces often
being added by lateral oxidation. The p-doping of the
n"-doped polysilicon is preferably effected during or after
the deposition of the polysilicon layer, 1.€. the two alternates
mentioned, and 1n particular before the subsequent deposi-
tion of the tungsten silicide.

In a further refinement, before the first implantation 1n
order to form the n-type well, a sacrificial oxide layer is
formed, which 1s used as a screen oxide for improving the
implantation properties, and the layer 1s removed again after
the first implantation.

Advantageous refinements of the present invention result
when using a dose of 10*° to 10" particles per cm” for an
implantation of the boron or boron fluoride particles into the
polysilicon layer, and energy used for the particles of 2.5 to
10 keV.

According to a further refinement, the p-doping of the
polysilicon layer with boron or boron fluoride 1s carried out
in such a way that the polysilicon layer has a dopant
concentration of 10" to 10"® particles per cm”, while the
necessarily higher dopant concentration of the donors for
forming the n-doped polysilicon gate electrode has 10" to
10 particles per cm®.

According to the method, 1t 1s possible, 1n order to set a
desired p-type doping profile for the counter doping 1n the
n-type well during known subsequent processes with pre-
determined temperature conditions, to control the efficiency
of the diffusion when exposing the substrate to the tempera-
ture by exposing the substrate with the gate oxide layer on
its surface 1 an N,O atmosphere. This step 1s affected after
the oxidation and before the deposition of the polysilicon
layer. If the gate oxide layer 1s exposed 1n this way, then a
nitriding of the oxide layer 1s affected, which influences the
permeability of the oxide layer with respect to the boron or
boron fluoride particles. Depending on the intensity of the
nitriding, the permeability of the oxide layer 1s thereby
reduced.

By contrast, 1f the step of exposing the semiconductor
substrate to an elevated temperature 1s carried out separately,
then the intensity of the diffusion of the boron or boron
fluoride particles 1nto the substrate can be achieved by way
of the setting the temperature 1n this step.

In accordance with an added mode of the invention, there
1s the step of carrying out the p-doping of the first layer with
the particles during the step of depositing the first layer.
Alternatively, the p-doping of the first layer can be carried
after the step of depositing the first layer by performing an
implantation process.

In accordance with an additional mode of the invention,
after the first implantation and before the depositing of the
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first layer, no p-doping of the semiconductor substrate with
particles 1s carried out 1n order to form a doping profile
within the n-doped well.

In accordance with a further mode of the 1invention, after
the p-doping of the first layer with the particles, a second
layer containing an electrically conductive material 1s depos-
ited onto the first layer, and a third layer containing a nitride
1s deposited onto the second layer.

Other features which are considered as characteristic for
the 1nvention are set forth 1n the appended claims.

Although the invention 1s 1llustrated and described herein
as embodied 1n a method for fabricating a p-channel field-
effect transistor on a semiconductor substrate, 1t 1S never-
theless not intended to be limited to the details shown, since
various modifications and structural changes may be made
therein without departing from the spirit of the mnvention and
within the scope and range of equivalents of the claims.

The construction and method of operation of the inven-
tion, however, together with additional objects and advan-
tages thereof will be best understood from the following
description of specific embodiments when read 1n connec-
tion with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1G are diagrammatic, sectional views 1llustrat-
ing an exemplary embodiment of the method according to
the 1invention;

FIG. 2A 1s a graph 1llustrating a p-type doping profile
resulting from a method for fabricating a p-channel field-
cffect transistor with an n-doped gate electrode in accor-
dance with the prior art; and

FIG. 2B 1s a graph 1llustrating the p-type doping profiles
resulting from a method for fabricating a p-channel field-
cffect transistor with an n-doped gate electrode in accor-
dance with the exemplary embodiment according to the
invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring now to the figures of the drawing in detail and
first, particularly, to FIGS. 1A—-1G thereot, there 1s shown a
sequence of process steps 1n accordance with an exemplary
embodiment of a method according to the invention. In this
case, a p-channel ficld-effect transistor 1s advantageously
formed on a semiconductor substrate 10 of a semiconductor
waler for the fabrication of memory modules, for instance
DRAM modules. FIG. 1A shows a state 1n which a sacrificial
oxide layer 20 1s formed on the semiconductor substrate 10,
which layer 20 is intended to improve the implantation
properties of a subsequent depmg step. First, a deep n-type
well 70 of a field-effect transistor 1s formed by a mask being
patterned on the semiconductor substrate by lithographic
projection, holes being situated in the mask at the locations
of the p-channel field-effect transistors to be formed. In a
first implantation 100, the substrate 10 uncovered by the
holes 1s doped with phosphorus and/or arsenic. After the first
implantation 100, the sacrificial oxide layer 20 1s removed
(FIG. 1B).

In accordance with an object of the present invention, in
order to fabricate the memory modules, the patterning of
gate electrodes 1s to be realized e.g. 1n accordance with
cost-ellective single work function processes. In the present
example, n-doped gate electrodes are formed for the n-chan-
nel and p-channel field-effect transistors to be formed. In this
case, 1n accordance with the prior art, a counter doping of the
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weakly n-doped substrate with boron atoms was carried out
after the removal of the sacrificial oxide 20—t appropriate
also before this. According to the present invention, this step
can be omitted, and 1n the example, the method 1s continued
by carrying out a thermal oxidation in order to form a thin
cgate oxide layer 30 on the substrate surface. In a chemaical
vapor deposition (CVD) process, a polysilicon layer heavily

doped with arsenic and/or phosphorus 1s subsequently
deposited as a first layer 40 (FIG. 1C).

A counter doping of the superficial substrate region 1n the
n-type well 70 that 1s necessary for setting the threshold
voltage of the ficld-effect transistor 1s 1nitiated by a second
implantation 120. In this case, boron atoms are implanted
into the polysilicon of the first layer 40 1n order to produce
a p-type doping which 1s weaker than the n™-type doping by
the phosphorus and/or arsenic atoms. The dopant concen-
tration of the donors in the polysilicon is 10°° particles per
cm”, while the dopant concentration of the boron atoms as
acceptors is 10™° particles per em” (FIG. 1D).

After the second implantation 120, a gate stack can be
completed 1n layer engineering terms by depositing a tung-
sten silicide layer 50 as an electrically conductive material
onto the polysilicon (FIG. 1E). A silicon nitride 60 is
deposited thereon as an insulation layer (FIG. 1F).

In order to uncover the source and drain regions 90, 95 to
be formed, the gate electrode containing the layer stack of
polysilicon, tungsten silicide and silicon nitride 1s patterned
in a further lithographic step. In order to uncover a first
region for the source region 90 and a second region of the
substrate surface for the drain region 95, plasma etching
steps are respectively carried out in order to remove the
silicon nitride, the tungsten silicide and the polysilicon.
Furthermore, a heat treatment of the gate contact 1s neces-
sary. Considerable temperatures occur during these pro-
cesses, so that the boron atoms in the polysilicon, which
have a comparatively high diffusivity under these tempera-
tures, are excited to penetrate from the polysilicon of the first
layer 40 through the oxide layer 30 into the substrate 10 in
order to form a lightly p-doped zone 80.

In a further lithographic step, a perforated mask 1s applied
in order to define the p-doped regions for the source and
drain terminals of the p-channel field-effect transistors. By a
third implantation 140, the uncovered substrate regions 1n
the holes are implanted with boron fluoride, thereby forming
a heavily p-doped source region 90 and a heavily p-doped
drain region 95 for the p-channel field-effect transistor.

A comparison of the resulting doping profile 1n accor-
dance with the prior art and 1in accordance with the present
method 1s illustrated in FIGS. 2A and 2B. In the diagrams,
the depth measured from the upper edge of the polysilicon
layer 1s entered on the x axis, while the y axis shows the
dopant concentration of the boron. The depth ranges
assigned to the individual layers are depicted above the
diagrams.

In FIG. 2A, which shows the profile in accordance with
the prior art, the broken line shows the resulting profile
which would be present directly after an implantation 150
with boron atoms onto the substrate before the oxidation.
This profile, which 1s advantageous up to that point,
degrades after the oxidation 180, the maximum situated at
the junction between the gate stack and the substrate being
attenuated by back diffusion of the boron atoms into the gate
stack. In order to hold the level of the dopant concentration
at the junction, therefore, a larger dose 1s implanted, which
can be discerned as the solid line 1n FIG. 2A. A characteristic
length 200 for the doping depth 1s comparatively increased
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as a result. The depth of the channel of the n-type well 70 1s
adversely affected as a resullt.

FIG. 2B shows the corresponding profile that arises in
accordance with application of the method of the present
invention. After the second implantation 120, 1.¢. the doping
of the polysilicon with boron atoms or boron fluoride with
an energy of 5 keV and a dose of 10" ions per cm?, a
shallow doping proiile for the dopant concentration of the
boron 1s established in the region of the first layer, 1.e. the
polysilicon. If the step of exposure 190 to an eclevated
temperature 1s then performed, which can usually only begin
with the etching processes for completing the gate electrode,
the boron atoms diffuse or penetrate through the oxide layer
30 into the substrate 10 in order to form a p-doped zone.
Within the substrate 10, the maximum of the profile of the
dopant concentration 1s naturally situated precisely at the
junction between the substrate 10 and the first layer 40
containing the polysilicon. A characteristic length 200" for
the doping proiile 1s therefore significantly smaller than in
the above-mentioned case 1n accordance with the prior art.

We claim:

1. A method for fabricating a p-channel field-effect tran-
sistor, which comprises the steps of:

providing a semiconductor substrate;

doping the semiconductor substrate with donors by per-

forming a first implantation for forming an n-doped
well;
carrying out a thermal oxidation for forming a thin oxide
layer on a surface of the semiconductor substrate;

nitriding the oxide layer in an N,O atmosphere to control
a permeability of the oxide layer with respect to one of
boron and boron fluoride particles penetrating through
the oxide layer;

depositing a first layer formed from n-doped polysilicon

above the oxide layer;

p-doping the first layer with particles selected from the

group consisting of boron particles and boron fluoride
particles, a p-type dopant concentration of the particles
being lower than an n-type dopant concentration of the
first layer;

carrying out a lithographic projection step and an etching

step for removing the first layer 1n a first and a second
region and for forming an n-doped gate electrode 1n a
third region located between the first and second
regions on the semiconductor substrate;

doping the semiconductor substrate with acceptors by

performing a second implantation for forming a
p-doped source region in the first region and a p-doped
drain region 1n the second region 1n the semiconductor
substrate; and
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exposing the semiconductor substrate to a temperature
clevated to such an extent that a number of the particles
migrate from the first layer through the oxide layer mto
the semiconductor substrate for forming a p-doped
zone within the n-doped well for defining a threshold
voltage of the field-effect transistor.

2. The method according to claim 1, which comprises
carrying out the p-doping of the first layer with the particles
during the step of depositing the first layer.

3. The method according to claim 1, which comprises
carrying out the p-doping of the first layer after the step of
depositing the first layer by performing a third implantation
Process.

4. The method according to claim 1, wherein no p-doping
of the semiconductor substrate with the particles 1 order to
form a doping profile within the n-doped well 1s carried out
after the first implantation and before the depositing of the
first layer.

5. The method according to claim 1, which comprises
after the p-doping of the first layer with the particles,
performing the steps of:

depositing a second layer containing an electrically con-
ductive material onto the first layer; and

depositing a third layer containing a nitride onto the
second layer.

6. The method according to claim 1, which comprises
before performing the first implantation, forming a sacrifi-
cial oxide layer and removing the sacrificial oxide layer after
the first implantation 1s performed.

7. The method according to claim 3, which comprises
carrying out the third implantation with a dose of 10" to
10 particles per square centimeter.

8. The method according to claim 7, which comprises

carrying out the third implantation process with an energy of
2.5 to 10 ke V.

9. The method according to claim 1, which comprises:

forming the n-doped polysilicon of the first layer to have
a dopant concentration of 10" to 107° particles per
cubic centimeter; and

carrying out the p-doping of the n-doped polysilicon with
the particles such that the first layer has a dopant

concentration of 10" to 10"® particles per cubic centi-
meter.
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